Applications of active control of light matter interactions within integrated photonics, hyper-spectral imaging, reconfigurable lasers, and selective bio-surfaces have enormously increased the demand for realization of optical modulation covering the spectrum from ultraviolet (UV) up to infrared (IR) wavelength range. In this study, we demonstrate ZnO-based actively tunable perfect absorber operating within UV and visible spectrum with more than 5 nm shift in the resonant absorption wavelength. Using spectroscopic ellipsometry technique, we extract temperature-dependent optical constants of atomic layer-deposited ZnO within 0.3-1.6 and 4-40 mm spectra. We also observe bandgap narrowing of ZnO at elevated temperatures due to lattice relaxation verified by the red-shift of phonon-modes. At around its bandgap, refractive index variations up to 0.2 is obtained and ZnO is shown to exhibit thermo-optic coefficient as high as 9.17 Â 10 À4 K
1 Introduction Reconfigurable optical structures are desired to increase the control over the light matter interaction especially due to expansion of optoelectronic applications within optical computation and communication, display, lighting, imaging, holographic technologies. Conventionally, free-carrier dispersion, electro-absorption, electro-optic and thermo-optic effects are among the dominantly exploited methods for realization of optical modulation. However, the limitations of these effects in terms of loss, modulation contrast, speed, bandwidth, spectral coverage as well as integration cost drive the efforts toward development of new schemes. Recently, novel active optical tuning schemes have been introduced by coupling novel optical resonators such as metamaterials [1] , plasmonic gratings [2] , optical cavities [3] , and photonic crystals [4] with conventionally used refractive index varying media such as silicon [5] , GaAs [6] , LiNbO 3 [7] , liquid crystals [8] . Recent advancements in wide bandgap materials-based optoelectronics, especially aimed for visible and ultraviolet spectrum, have put more emphasis on realization of integrated actively reconfigurable devices. Among large bandgap materials, ZnO which has a large band gap of 3.37 eV [9] and exciton binding energy of 60 meV [9] , has attracted significant attention due to its potential in ultraviolet laser [10, 11] , photodetection [12] , and also infrared imaging [13] applications.
In this study, we introduce a ZnO-based actively reconfigurable thin film utilizing thermo-optic effect. By forming a Fabry-Perot cavity structure, we obtain perfect absorption at resonant wavelengths and actively modulate the resonant wavelength by varying the temperature between 23 and 200 8C. We observe more than 5 nm shift within ultraviolet and visible spectra. We investigate thermal dependence of refractive index values of ZnO in 300-1600 nm spectrum using spectroscopic ellipsometry method. Due to thermal relaxation under thermal stress, we observe red-shift in the optical bandgap of the ZnO which provides higher modulation in the refractive index around the bandedge. In addition, we also investigate the optical constants of ZnO within IR spectrum, 4-40 mm and reflection spectra of the structure; and no significant modulation in the reflection is observed. We also verified the thermal relaxation within ZnO thin film through observation of red-shift in the optical phonon modes of ZnO.
Ellipsometric characterization
We start with the characterization of temperature-dependent optical properties of ZnO film in the UV-VIS-NIR and Mid-IR region through spectroscopic ellipsometry method. This method utilizes the change in the polarization of the light upon reflection characterized by complex reflectance ratio r ¼ r p /r s ¼ tan(C) e jD , where C and D are the measured amplitude ratio and phase difference between p-and s-polarized light. Measurements are carried out on a FabryPerot resonant cavity structure formed by coating a 240-nmthick ZnO layer on top of a p-type silicon wafer having resistivity in the range of 0.1-0.9 Ωcm. Standard RCA cleaning procedure is carried out before film deposition. Using atomic layer deposition technique, ZnO is coated through 1700 deposition cycles within Cambridge Savannah 100 chamber at 250 8C using diethylzinc (DEZ) and milli-Q water (H 2 O) as reaction precursors.
We performed the measurements using commercial ellipsometers V-Vase and IR-Vase by J. A. Woollam Co., for UV-VIS-NIR and Mid-IR wavelengths, respectively. Before the measurements, the samples are annealed in atmoshperic conditions at 250 8C for 90 min. Temperature-dependent measurements are carried out by cycling the sample temperature between 22 and 200 8C while illuminating at an angle of incidence of 558 and 578 at UV-VIS-NIR and Mid-IR wavelengths, respectively. A nonlinear least square error fitting algorithm has been used to fit oscilator parameters to measured C/D values and the mean square error of the data fit remained below 3 for all temperatures. In order to eliminate the effects of thermo-optic modulation of optical constants of Si, we extracted optical constants of bare substrate at the temperatures of interest through employing point by point fit and we used these values as reference while fitting the optical constants for ZnO.
We used a Cody-Lorentz oscillator coupled with two Gaussian oscillators and an undamped Lorentz oscillator (a pole) to model the dielectric permittivity of ZnO. CodyLorentz oscillator model is widely used for modeling wide bandgap semiconductors and includes the contributions from defect states as well as intraband absorptions which would result in nonzero absorption below the bandgap in the form of an exponentially decaying function named as Urbach's Tail [14] . The resulting equations for the dielectric function are given as follows:
Gauss ðEÞ ¼ Ae
CodyÀLorentz ðEÞ ¼ By summing two Gaussian oscillators described in Eq. (1) with a Cody-Lorentz oscillator described in Eq. (2), the imaginary part of the dielectric function of ZnO is formed in Eq. (3). Adding the undamped Lorentz oscillator in Eq. (4), the static dielectric constant (e 1 ), and KramersKronig Transform of the imaginary part of the dielectric function of ZnO results in the real part of the dielectric function of ZnO in Eq. (5). The complex representation of the dielectric function of ZnO is written in Eq. (6) . In these equations, E stands for photon energy, E o stands for the center resonance frequency of the oscillator, G is the broadening parameter, A is the oscillator amplitude, E g is the optical bandgap, E p is the transition energy separating absorption onset from Lorentzian behavior, E t is the transition energy between Urbach tail and band-to-band transitions, E u is the Urbach Energy defining the spectral rate of decay of the absorption, and E 1 is a fit parameter providing continuity at E ¼ E t . The extracted parameters are given in Table 1 as a function of temperature. Optical bandgap of the coated ZnO film is extracted to be about 3.23 eV at room-temperature and increase in the temperature causes lowering of the bandgap from 3.23 to 3.10 eV for temperature modulation from 22 to 200 8C. The lowering of the bandgap of a semiconductor is predicted by Varshni's formulation [15] based on increase in the inter-atomic distance due to thermal expansion.
The corresponding temperature-dependent refractive index of ZnO calculated from n=Ref ffiffi ffi e p g in 300-1600 nm range are shown in Fig. 1a . Throughout the spectrum, modulation of refractive index is present in both real and imaginary parts. Such large spectral coverage of thermo-optic effect in the ZnO thin film is similar to that of well-known large bandgap materials, AlN, GaN, SiC [11] . The modulation is repeatable and volatile such that the refractive index values of ZnO returns to its initial values after the thermal stress is removed. Maximum modulation is observed at around the bandgap of ZnO as shown in Fig. 1b . Variation of refractive index up to 0.2 is observed which results in a thermo-optic coefficient of 9.17 Â 10 À4 K
À1
. This value is more than four times higher compared to the thermo-optic coefficients of well-known wide bandgap materials such as AlN, GaN, SiC [16, 17] at around their bandgap. In addition, the sharp peak observed at the bandedge of the extinction spectra of ZnO in Fig. 1c can be attributed to the involvement of light-exciton interactions in the dielectric function as exciton binding energy of ZnO, 60 meV, is large enough to make photogenerated bound excitons to be distinguishable near the bandedge. The excitonic peak red-shifts along with the bandgap and also decays significantly when the temperature increases to 200 8C as expected since the available kinetic energy gets closer to the binding energy of the excitons which weakens the strength observed excitonic resonances. Below the bandgap energy, the modulation of refractive index remains at about 0.01 for temperature difference of 177 8C as shown in the inset of Fig. 1a . This is an order of magnitude lower compared to the modulation around the bandgap energy.
In addition, decrease in E u by the elevation of temperature gives an increase in the extinction coefficient of ZnO by 0.002 as a result of increase in the density of the occupied trap-states. Above the bandgap energy, there is still a refractive index modulation of about 0.02 for the same thermal difference which is attributed to the active modification of density of states due to thermal relaxation. Figure 1d -f shows very good agreement between the raw ellipsometric data and the fitting results for all the temperatures of interest in the UV-VIS-NIR sepectrum.
We also investigated the temperature dependence of optical constants of ZnO at Mid-IR wavelengths covering 4-40 mm spectrum. Within this spectrum, optical phonon resonances of ZnO is known to contribute significantly to the dielectric function [18] as well as the unintentional n-type doping of ZnO which can reach concentrations well above 10 16 cm À3 [19] . Although the sensitivity of optical constants of ZnO films to the crystal orientation is minimal in the UV-VIS-NIR region [9] , optical phonon modes present in ZnO films are highly sensitive to crystal orientation [18, 20] . Hence optical anisotropy is taken into account in the modeling of IR optical constants of ZnO films. In order to model the dielectric permittivity at this range, we have used a TO-LO oscillators coupled with Drude oscillator to account for the effects of both the phonon modes and free carriers of the grown ZnO film. While modeling the phonon modes, we have considered the inherent uniaxial anisotropy in ZnO associated with the polycrystalline nature of the ALD grown ZnO films. The equations describing the dielectric function of ZnO film at these wavelengths are as follows:
eðEÞ ¼ e Drude ðEÞ þ e TOÀLO ðEÞ; ð7Þ
e Drude ðEÞ ¼ ÀA G
where E LO and E TO stands for the longitudinal and transverse phonon oscillation energy, for which the resulting fit parameters are given in Table 2 . The optical constants are [21] . Resulting temperature-dependent infrared dielectric permittivities are depicted in Fig. 2a-d . Very good fitting to the raw mid-IR ellipsometric data is achieved in the mid-IR spectrum for both 23 and 200 8C as depicted in Fig. 2e and f, respectively. The optical constants in mid-IR regime do not exhibit significant modulation with temperature except where the phonon modes of ZnO are dominant ($27 mm). In-plane phonon modes observed at these wavelengths red-shift by 100 nm when the temperature is increased from room temperature to 200 8C as a result of increased atomic separation due to thermal expansion. Anisotropy in the optical constants arise due to the presence of phonon modes since the difference between in plane and out of plane values diminish as the wavelengths get closer to the near IR regime.
3 Actively tunable thin film Fabry-Perot (FP) resonance is achieved through forming a constructive interference within an optical cavity. In our case, thin layer of ZnO on top of Si acts as an optical cavity such that the reflected wave from ZnO/Si interface constructively interferes with both incident wave and the reflected wave from air/ZnO interface, which results in a standing wave within the film as depicted in Fig. 3a . At the resonance wavelengths, the films do not reflect any portion of the incident light, therefore, all the incident light gets absorbed within both ZnO and Si layers. The resonance wavelength is defined by the following formula:
where r and t, respectively, corresponds to Fresnel reflection and transmission coefficients at the corresponding boundaries depicted in Fig. 3a . At room temperature (23 8C), the reflection spectrum in UV-VIS-NIR range for 208 angle of incidence and p-polarization is shown in Fig. 3b along with the theoretical calculation using Eq. (10) and the extracted optical constants in Fig. 1a . Experimental reflection is calculated by dividing the reflected light intensity from the sample at an angle of incidence to the background light intensity. Using the extracted optical constants of ZnO, room temperature FP resonances are predicted to occur at the wavelengths of 407 and 610 nm which match very well with measurements having no reflection at these wavelengths. These wavelengths, 410 and 610 nm, are, respectively, the second and third order FP resonances, formulated by d ¼ (2m þ 1)(l/4n ZnO ) where m is an integer. The resonances occur only within the wavelength regime where ZnO exhibits transparency since thinner films are required in order to form a cavity resonance within the regions showing strong absorption which is above the bandgap for ZnO. Active tunability of the ZnO thin film is investigated through reflection spectrum for the same temperature range of interest in Fig. 3c . We extracted reflection spectrum during the rise and fall times of the temperature modulation Table 2 Oscillator parameters for the temperature-dependent optical constants of ZnO in 4-40 mm spectrum.
e Drude e TO-LO which are represented by solid and dashed lines in the corresponding figure. The reflection measurements are performed on the same sample right after the ellipsometric measurements at each temperature step. By increasing the temperature up to 200 8C, the resonance wavelength shifts by 6 nm for the resonance at UV and visible regime as a result of increase in the refractive index. Although the structure does not result in constructive resonance near the band-edge of the ZnO, the spectral shift of the peak in reflection at these wavelengths is about 10 nm considerably due to shift in the band gap resulting higher refractive index modulation as mentioned before. We also performed reflection measurements at 258 angle of incidence in Mid-IR regime whose results are shown in Fig. 3d . The first order FP-resonance is partially observed near 2 mm-end of the spectrum with almost zero reflection. FP resonance diminishes for the wavelengths well above 2 mm since the structure becomes optically subwavelength and no significant modulation in the reflection spectrum is observed. In this region, only E LO? and E TO|| phonon modes extracted to be at about 17.1 and 24.9 mm are observable. Increasing the temperature, red-shifts the phonon modes by about 100 nm consistent with the ellipsometric measurements.
Conclusions
We demonstrated a ZnO-based actively tunable thin film operating in the UV-VIS wavelengths utilizing thermo-optic effect and FP resonance. Ellipsometric extraction of temperature-dependent optical constants of ZnO in UV-VIS spectra yielded modulation of refractive index by up to 0.2 for a temperature difference of 177 8C, therefore, a thermo-optic coefficient of 9.17 Â 10 À4 K À1 . This value corresponds to the highest thermo-optic coefficient among the well-known wide bandgap materials [17] . We also extracted temperature dependent optical constants at Mid-IR wavelengths covering 4-40 mm range and observed that the phonon modes red-shift at elevated temperature due to thermal expansion. The results of this work pave the way for realization of high performance modulation schemes in applications like integrated modulators, reconfigurable antireflective coatings, color filters, and spatial light modulation. 
